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arvesting waste energy in the living

environment to power small elec-

tronic devices and systems is at-
tracting increasing attention. > As the
size of the devices has shrunk to the nano-
scale, the power consumption can also de-
crease to a low level of nanowatts. The self-
powered nanotechnology is to drive a
nanodevice by scavenging energy from its
working environment instead of a conven-
tional battery.* Usually, we can obtain the
light, mechanical, and heat energies from
living environment. The piezoelectric nano-
generator (NG) has been extensively de-
signed to transfer the mechanical energy
into electric energy.>~” The nanowire solar
cells can be used to transfer the light energy
to electric energy.®® Heat energy will be
particularly important when other sources
of energy, such as sun light or mechanical
vibration, are not available.

Heat energy is a very conventional en-
ergy source in our living environment, with
source in the engine of moving automo-
biles, the CPU of computers, human body,
etc., all of which are normally wasted. The
mechanism of a thermoelectric NG is to
drive the charge carriers to flow in the circuit
by keeping a thermal gradient in the
device.' "2 Usually, it is difficult for the
nanowire thermoelectric devices to keep
the temperature difference across a short
distance.”® An only possibility is to increase
the length of a single nanowire to obtain a
stable thermal gradient in the nanowire.

Nontoxic and low-cost oxides such as
ZnO nanomaterials are promising for fabri-
cating thermoelectric NGs because their
excellent charge carrier transport properties
are tunable via doping."* ' It has been
reported that the Sb doping in ZnO micro/
nanobelts can be used to enhance the
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We demonstrate a thermoelectric nanogenerator (NG) made from a single Sh-doped Zn0
micro/nanobelt that generates an output power of about 1.94 nW under a temperature
difference of 30 K between the two electrodes. A single Sh-doped Zn0 microbelt was bonded at
its ends on a glass substrate as a NG, which can give an output voltage of 10 mV and an output
current of 194 nA. The single Sb-doped Zn0 microbelt shows a Seebeck coefficient of about
—350 uV/K and a high power factor of about 3.2 x 10~* W/mK> The fabricated NG
demonstrated its potential to work as a self-powered temperature sensor with a reset time of

about 9s.

KEYWORDS: ZnO - micro/nanobelts - thermoelectric - nanogenerator -
Sb-doped ZnO - temperature sensor

mechanical, electrical, and electromechani-

cal properties.'””~'® Although the thermo-

electric property of Al-doped ZnO nano-

particles has been investigated,?® there are

few studies about using a single Sb-doped

ZnO micro/nanobelt for harvesting thermal

energy. Here, a single Sb-doped ZnO micro-

belt with the length of larger than 3 mm was

manipulated for fabricating a NG to investi-

gate the output power and thermoelectric

performance of Sb-doped ZnO. The output  *Address correspondence to

power of NG is about 1.94 nW under a tem- Zwang@gatech.edu.

perature difference of 30 K. The Seebeck co-  geceived for review May 7, 2012

efficient and power factor of a single Sb-doped ~ and accepted June 28, 2012.

ZnO microbelt are about —350 xV/Kand 3.2 x . .

10™* W/mK?, respectively. We also demon- :’: '1’:;;?7(’ e June 29, 2012
’ . X nn302481p

strated that the fabricated NG can work as

a self-powered temperature sensor. ©2012 American Chemical Society
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Figure 1. (a) Schematic diagram of a single Sb-doped ZnO microbelt NG. (b) Calculated temperature distribution along a glass
substrate. (c) Photograph of the fabricated device and its corresponding enlarged SEM image. (d) EDS spectra of a single
Sb-doped ZnO nanobelt. The inset shows a TEM image of the nanobelt. (e) IV characteristic of a fabricated NG.

RESULTS AND DISCUSSION

The Sb-doped ZnO micro/nanobelts were synthe-
sized by using a simple chemical vapor deposition
method. The detailed growth method is given in the
Experimental Section. The schematic of the thermo-
electric NG is shown in Figure 1a. We chose large size
microbelts for easy manipulation under an optical
microscope. The same principle and methodology
can apply to nanobelts. A long Sb-doped ZnO micro-
belt with a length of larger 3 mm was chosen under an
optical microscope. A thin glass substrate was washed
with deionized water and ethanol under sonication.
The ZnO microbelt was placed on the glass substate,
and the two ends of the microbelt were then fixed
tightly by the silver paste, where the distance between
the two electrodes is 3 mm. A thin poly(dimethylsiloxane)
(PDMS) layer was used to package the device to avoid
the effect of atmosphere. Moreover, it can prevent the
Sb-doped ZnO micro/nanobelt from contamination or
corrosion. We can also easily move the device as a self-
powered temperature sensor. Two heaters were fixed on
the two electrodes, where only one heater was turned on
to maintain a temperature gradient along the ZnO
microbelt. Figure 1b shows a temperature distribution
along a glass substrate (marked with white line) with a
length of 3 mm by using COMSOL software. When one
end of the glass was heated to 330 K, the other end of the
glass is about 295 K. The experimental results also show
that the temperature of one end of the glass substrate
can be kept at 295 K when the other end of the glass
substrate was heated to be below 340 K (Figure S1 in the
Supporting Information).

Figure 1c shows an optical image of the fabricated
NG. The distance between the two electrodes is about
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3 mm. The enlarged SEM image shows that the width
of the microbelt is about 10 um, which was confirmed
further from the corresponding AFM image (Figure S2).
The EDS spectra in Figure 1d show that the Sb content
in ZnO nanobelts was identified to be about 5%, which
is consistent with our previous report.'”” The atomic
ratio between Zn and O is about 2:1. The EDS line scale
profile of Sb across a single Sb-doped ZnO nanobelt
shows that the Sb doping is uniform (Figure S3).
Figure 1e shows the |-V characteristic of the NG.
The contact between Ag and Sb-doped ZnO is Ohmic,
which is important to obtain the low contact resis-
tance. The fabricated NG has a good stability of /—V
characteristics, as shown in Figure S4.

When the temperature T, at the left-hand side
electrode of the NG was increased from 295 to 304 K,
the temperature T, at the right-hand side electrode
was kept constant (295 K). As shown in Figure 23, the
difference of temperature at the two electrodes can
produce an output voltage and current of about 3 mV
and 60 nA, respectively. Moreover, when the tempera-
ture T, at the left-hand side electrode of the NG was
constant (295 K) and the temperature T, at the right-
hand side electrode was increased to 304 K, the output
voltage and current signals were opposite, as shown in
Figure 2b. We also performed the reversed voltage/
current direction experiments, as presented in Figure
S5. The output voltage and current values under the
forward and reverse directions are nearly same. The
results indicate that the observed voltage and current
signals are from the fabricated NG. To confirm that the
obtained signals are due to the Sb-doped ZnO micro-
belt, we tested the output voltage when there was
no Sb-doped ZnO microbelt, as shown in Figure S6.
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Figure 2. (a) Output voltage and current of the fabricated NG when the temperature T, at the right-hand electrode is 295 K
and the temperature T, at the left-hand electrode periodically changed from 295 to 304 K. (b) Output voltage and current of
the NG when the temperature T, at the left-hand electrode is 295 K and the temperature T, at the right-hand electrode

periodically changed from 295 to 304 K.

The output voltage signals were not observed when
the temperature at the left-hand side electrode was
increased to 315 K and the temperature at the right-
hand side electrode was 295 K. Our results indicate that
the output signals were from the Sb-doped ZnO
microbelt.

To investigate the output difference of the fabri-
cated different devices, we measured another eight
devices, as shown in Figure 3a. The output voltages of
the devices are from 4 to 6 mV under a temperature
difference of 14 K between two electrodes. To obtain
the value of the contact resistance between the Ag
electrode and the Sb-doped ZnO microbelt, a four-
terminal measurement method was used.?' Figure 3b
shows both the two-terminal and four-terminal /—V
characteristics of a single microbelt in the inset, where
the effect of contact resistance is visible. The two-
terminal [-V characteristic for this microbelt was mea-
sured by using the inner two electrodes, whereas the
four-terminal /—V plot was obtained by varying the
current through the outer two electrodes and measur-
ing the corresponding voltage drops between the
inner two electrodes. The obtained contact resistance
between the Ag and Sb-doped ZnO microbelt is about
4 kQ, which is much smaller than the intrinsic resis-
tance (35.5 kQ2) of the single Sb-doped ZnO microbelt
in Figure 1c,e. Since the resistance (100 MQ) of the
used voltmeter is much larger than the contact resis-
tance (4 k€2), the contact resistance has no contribution
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to the measured voltage and Seebeck coefficient. Here,
Vi/Vy = (2Rc + Rv)/Ry, where V; is the thermoelectric
voltage, V; is the measured voltage by using the volt-
meter, Rc is the contact resistance, and Ry is the resis-
tance of the voltmeter.

When the temperature at the right-hand electrode
was 295 K, the increase of the temperature at the left-
hand electrode can increase the output voltage/cur-
rent of the NG. Figure S7 shows that, under the
temperature of 325 K at the left electrode, the output
voltage and current of the NG are up to about 10 mV
and 194 nA, respectively. Figure 3c shows that the
output voltage/current linearly increases with increas-
ing temperature T; at the left-hand electrode. The
Seebeck coefficient can be obtained by a simple
relationship of S = —AV/AT, where AV is the thermo-
electric voltage and AT is the temperature difference.??
The absolute Seebeck coefficient can be calibrated by
using the positive Seebeck coefficient (+1.84 uV/K) of
the Cu wire between the electrode and voltmeter.
Figure 3d shows that the Seebeck coefficient of the
single Sb-doped ZnO microbelt is about —350 uV/K,
which is larger than that of Al-doped ZnO nanostruc-
tures (—300 xV/K) at room temperature.?’ Figure S8
shows that the single Sb-doped ZnO microbelt exhibits
a room temperature electrical conductivity of about
2.7 x 10° Q7" m~", which is much larger than that of
the nanostructured pure Zn0.2>?** The Sb doping in
ZnO can increase the electron concentration, resulting
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Figure 3. (a) Output voltages of the fabricated eight devices under a temperature difference of 14 K. The inset shows an
optical image of the eight devices. (b) Two-terminal and four-terminal /—V characteristics of a single Sb-doped microbelt. The
inset shows a SEM image of the measurement structure. (c) Output voltage and current of a fabricated device under the
different temperatures. (d) Seebeck coefficients and power factors under different temperatures. Here, T; and T, are the
temperatures at the left- and right-hand side electrodes of the NG, respectively.

in an increase in the conductivity.>> The power factors
a®0 under the different temperatures are shown in
Figure 3b, where o is the Seebeck coefficient and o is the
electrical conductivity. The room temperature power fac-
tor of a single Sb-doped ZnO microbeltis about 3.2 x 10~*
W m~" K2, which is 10 times larger than that of Al-doped
ZnO nanostructures (0.18 x 107*Wm™' K22

The conversion efficiency 5 of a thermoelectric NG is
typically defined as

AT
]7:

" V1+2T =1
Th  V1+ZT+T /T,

where AT = T, — T, is the temperature difference
across the device, ZT = (a’T)/(pk) is the average
material figure of merit, o is the Seebeck coefficient,
p is the resistivity, and « is the thermal conductivity.?®
Under a temperature difference of 30 K, the conversion
efficiency 5 of the fabricated NG is about 0.32%, where
the thermal conductivity of 0.745 W/mK for ZnO micro-
materials was used.?” The actual conversion efficiency
of the NG will be slightly smaller than the calculated
value.

An important application of the NG is that it can
work as a self-powered temperature sensor. Figure 4a
shows an optical image, where a finger was used to
touch one electrode of the NG. There was an output
current of about 1.25 nA due to the temperature

m
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Figure 4. (a) Optical image when a finger touched one
electrode of the NG and its corresponding output current .
(b) I-T curve when the finger was moved out.
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difference between the two electrodes. When the
finger was moved out, the output current will be
recovered to 0. By fitting the /—T curves in Figure 4b,
the decay time of temperature response follows a
second-order exponential decay function,”® with the
estimated time constant of 74 =12.7sand 74, =1.5s,
and relative weight factors of 75% and 25%, respec-
tively. The decay mechanism in Figure 4b is related to
the temperature dissipation in the single Sb-doped
ZnO microbelt. The reset time is defined as the time
need to recover to 1/e (37%). The value of the tem-
perature sensor is about 9 s.

EXPERIMENTAL SECTION

Synthesis of Sh-Doped ZnO Micro/Nanobelts. First, Zn powder
(purity 99.9%), Sb,03 powder (purity of 99.999%), and graphite
powder with a molar ratio of 4:1:2 were fully ground into a
mixture before being loaded in a quartz boat. A cleaned Si wafer
was used as the substrate and fixed on the boat with the
polished side facing the powders. The temperature and the
growth time were maintained at 930 °C and 20 min, respectively.
The flow rates of Ar and O, are 290 and 10 sccm, respectively
(sccm denotes standard cubic centimeter per minute at STP).
After the reaction, a white-colored film-like product was obtained
on the Si substrate. The Sb-doped ZnO micro/nanobelts were
characterized by scanning electron microscopy (SEM, LEO1530,
Japan), transmission electron microscopy (TEM, Hitachi HF2000,
Japan), and energy-dispersive X-ray spectroscopy (EDS).

Fabrication and Measurements of the Devices. A single long
(>3 mm) Sb-doped ZnO microbelt was placed on a thin glass
substrate. The two ends of the microbelt were fixed by silver
pastes, which were used as electrodes. A thin layer of PDMS was
used to package the device. The output signals of the thermo-
electric NG were measured by using a low-noise voltage pre-
amplifier (Stanford Research System model SR560) and a low-noise
current preamplifier (Stanford Research System model SR570).
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